ABSTRACT
INTRODUCTION
Two kinds of accounts have been proposed for explaining brightness perception phenomena. For want of better terminology, we shall refer to these as the 'low-level' and 'high-level' accounts. The teleological motivations for both accounts are similar -they are meant to explain how the visual system can cope with varying illumination and transparency in the natural world. However, they differ in the level of sophistication of their underlying neural mechanisms (and, hence, in their likely loci along the visual pathway). While the low-level account posits simple filter-like mechanisms operating perhaps as early as the retina [1] [2] [3] [4] [5] , the high-level account invokes comparatively more sophisticated processing strategies such as junction analysis 6, 7 2 square on the black background appears lighter. According to the low-level account, the differences in perceived brightness of the two inner squares are due to the different amounts of inhibition induced by the black versus the white surround. According to the high-level account, the dark side of the simultaneous contrast display is interpreted by the visual system as a region in shadow or as a region overlaid with dark transparent film. For the inner square in the dark region to project the same image luminance as that of the one on the light side despite the shadow or the overlaid dark film, its 'real luminance' must be higher (to compensate for the shadow or transparency induced attenuation). This inference induces a change in the perceived brightness -the square on the dark side appears lighter than the one on the white side. High-level explanations have proved remarkably versatile in accounting for several brightness phenomena 7-11, 13, 14, 16, 21-24 . In fact, even for brightness phenomena that have traditionally been explained via low-level accounts, such as Mach bands, high-level accounts provide viable explanations. The extensive catalogue of brightness phenomena that has accumulated over the past century can be broadly divided into two categories -phenomena such as simultaneous contrast induction that can be explained by both low-level and high-level accounts and phenomena such as Benary's cross (and several recent elegant demonstrations 7-11, 13, 14, 16, 21-24 ) for which only high-level accounts seem to provide plausible explanations.
It appears, therefore, that the domain of applicability and explanatory power of high-level accounts subsumes the domain of low-level accounts. This observation leads naturally to the question that if highlevel processing can adequately explain brightness phenomena, then why should low-level mechanisms be invoked at all in accounts of brightness perception? One plausible answer is that low-level mechanisms need to be invoked insofar as high-level accounts may be implemented, at least in part, via low-level mechanisms. However, at present this hypothesis lacks direct experimental support. Consequently, it provides inadequate grounds to attribute a necessary role to low-level mechanisms in brightness perception.
A less speculative and more direct way of addressing the question is to determine whether there exist any brightness phenomena for which low-level accounts predict the observed percepts while high- is the predictions of the low-level account that are consistent with observers' brightness percepts.
RESULTS
We report results from three experiments. Experiment 1 explores whether the perception of a region as a shadow patch or as a painted patch influences the perceived brightness of a region within it.
Experiments 2 and 3 compare the roles of perceived versus physical photometric contexts in determining region brightness.
Experiment 1:
Figure 2(a) shows the setup we used for the first set of experiments. Two opaque patches stuck to a clear plexi-glass sheet cast shadows on an opaque white surface. A thick black outline was drawn over the penumbral boundary of one of these shadow patches. This, as Hering discovered more than a century ago 18 , dramatically changed the interpretation of the dark region. Instead of being perceived as a shadow patch, the region appeared to be painted with a uniform shade of gray. The display thus had two patches of exactly the same luminance, but one of them was perceived as being dark due to shadow while the darkness of the other was attributed to reduced surface reflectance. To insure that the observers did indeed perceive the two regions as different (one in shadow, the other painted dark), an opaque screen was positioned so as to hide part of the plexi-glass sheet with the patch casting a shadow in the 'paint region'. This screen did not obscure the observers' view of the shadows. When presented with this display, all subjects described perceiving the two regions differently -one as a shadow and the other as gray pigment.
These different interpretations provided an opportunity to test for scene-level effects on the perceived brightness of probe patches. Our experiment was designed to test whether two identical gray patches, when placed within the two regions would appear to have different brightness. For each pair of probes, subjects were asked to respond 'same' or 'different' on the basis of perceived brightness. A high-level account would suggest that the probe placed in the shadow region would appear to be brighter than the one placed in the 'paint' region, since the visual system would be expected to compensate for the attenuation due to shadowing. The low-level account, on the other hand, would predict no difference in the appearance of the two probe patches (or a small one in the opposite direction due to a small decrease in the average luminance caused by the black border). In order to quantitatively assess the influence of high-level factors on brightness percepts in this display, we compared brightness-matching results obtained under three conditions which differed in the appearance of the two regions (we will refer to the regions as 'A' and 'B'). The three conditions were: 1. both 'A' and 'B' seen as shadows (neither of the two had a 
Experiment 2:
Figure 3(a) shows the general structure of the display used in the second experiment. It comprised a thin rectangle embedded in a larger one. Both rectangles could be assigned precisely controlled luminance gradients along their lengths. In this display, the perceived brightness profile of the inner rectangle is governed by two factors: its actual luminance gradient and the gradient induced by the spatially varying luminance profile of the enclosing rectangle. To create our experimental display, we assigned the inner rectangle a luminance gradient having a magnitude and direction such as to precisely null the induced gradient from the surround. As a consequence, the inner rectangle perceptually appeared to have uniform brightness throughout its extent, even though it actually possessed a non-zero luminance gradient (figure 3(b)). Our experiments involved placing two small horizontally separated probes with identical luminance within the inner rectangle. Subjects were asked to adjust the brightness of one of the probes to have it match the brightness of the other one.
For this display, a high-level account would be expected to predict one of two outcomes. If the visual system infers illumination distributions based on the appearance of the outer rectangle, then the two probes would appear to have different brightness, with the one on the right looking lighter (since it is in the low illumination zone). On the other hand, if the illumination distribution is inferred based on the appearance of the inner strip, the two probes would be expected to look similar since they are embedded in a perceptually uniform field and there is no manifest cause for them to appear different. A low-level mechanism, which relies on comparisons of the actual image luminances, would predict that the probes 6 would be affected by the physical (but perceptually non-apparent) gradient of the inner strip, causing the probe on the right to appear lighter. As the reader can verify from figure 3(c), the two physically identical probe squares embedded in a perceptually homogenous field are perceived as having different brightness. Figure 4 (a) shows the quantitative differences in the perceived brightness of the probes averaged across five observers. Thus, the 7 two probe squares look different even though there is no apparent scene-level cause within the inner rectangle to motivate such a difference. These results are consistent with the operation of low-level mechanisms on raw image luminances.
However, as we indicated above, these results are also consistent with a high-level analysis of the outer rectangle, rather than the inner one. In other words, the visual system may be able to infer the prevailing illumination conditions on the basis of the large enclosing rectangle. This possibility is made especially plausible given that the outer rectangle (a) is the largest surface in the display, (b) has the highest luminance, and (c) encloses the inner rectangle. All of these are principles that have been used to define surface whites and provide information about the prevailing illumination conditions 16 . Thus, it is not clear whether the observed brightness percept is due to low-level mechanisms operating on raw image luminances or high-level inferences about illumination conditions based on the outer rectangle. We tested this issue in two ways -first by examining the effects of removing the enclosing rectangle on the perceived brightness of the probe squares and second by removing the inner rectangle (replacing it with a uniform black area) and thus exploring whether induction from the outer rectangle on its own could account for the observed brightness difference between the probe squares. Results from these two manipulations are shown in figures 4(b) and (c). It is evident that removal of the outer rectangle does not significantly alter the perceived brightness difference between the two probe squares. Furthermore, the outer rectangle on its own is inadequate to induce a substantial brightness difference between the two probes. On the basis of these results, we conclude that the observed brightness difference is due to the actual, but perceptually nonapparent, gradient in the inner strip. In other words, the brightness percepts here are engendered by mechanisms operating before the final perceptual output and remain, to a large extent, impervious to higher-level percepts.
The resistance of these brightness percepts to higher-level influences is also indicated by the results of an additional experiment. The experiment makes use of the fact that small changes in the magnitude of the outer gradient around the 'equilibrium' state (when the inner strip appears perceptually uniform) can be used to induce marked changes in the appearance of the inner strip. Depending on whether the outer gradient is made slightly steeper or slightly shallower relative to the equilibrium state, the inner strip is imparted a perceptual gradient in one or the other direction. This provides a convenient way for exploring the influence of high-level factors on brightness percepts, while keeping the low-level factors constant. We find that these reversals of perceived gradient direction in the inner strip (and the corresponding changes in the high-level inferences regarding illumination or transparency gradients) do not alter the perceived brightness of the probe squares. 
Experiment 3:
For our third experiment, we devised a variant of the Craik-O'Brien-Cornsweet (COBC) effect 2, 25, 26 . Unlike a conventional COBC display where the physical luminances of the regions a little distance from the central wedge are identical ( figure 5(a) ), in our version we set them to be slightly different in order to 9 produce a display where the side that was actually of higher luminance was perceived as being darker and vice-versa ( figure 5(b) ). The display had four equal-width regions -the two outer flanks of uniform luminance (set equidistant above and below middle gray) and the two inner flanks with shallow linear luminance ramps. We investigated how this display would affect the perceived brightness of two identical probe squares, placed one on either side of the wedge. The probes were placed in the center of the outer flanks and initially had luminance corresponding to middle gray. Subjects were asked to change the brightness of one of the probes to match the other one. between low-level and high-level factors in governing the brightness percepts in this display. We systematically reduced the luminance difference between the outer flanks to determine whether at very small differences, high-level factors would be able to overwhelm the low-level ones. We found that for all values of luminance difference tested, the brightness percepts were consistent with the low-level factors.
A high-level account (which would attribute the perceived darkness to shadow or attenuating transparency) would suggest that the probe square on the perceptually darker side would appear lighter than the other one (as in a conventional simultaneous contrast display shown in figure 1) . A low-level account would predict an effect in the other direction. 
DISCUSSION
Taken together, data from the three sets of experiments reported above provide compelling evidence for a role of low-level mechanisms in brightness perception. It may seem unusual for us to present this 'back to the basics' result as our main conclusion. After all, researchers have argued for a role of lowlevel mechanisms in estimating brightness values in various displays for more than a century. However, what is notable, and a motivating factor for the current work, is that for the set of brightness phenomena studied so far, it is possible to propose high-level explanations that can supplant traditional low-level accounts. For instance, even the illusion of Mach bands, which is generally thought of as arising out of lowlevel processes, admits a high-level account 29 . Thus, the experiments to date do not place sufficient constraints to preclude purely high-level accounts of brightness perception. Not surprisingly, this ambiguity has led researchers to reconsider conventional ideas regarding the role of low-level mechanisms in brightness perception. Indeed, some recent papers have argued for a purely high-level theory 9, 21 . The reason such extreme positions are tenable is that so far it has not been conclusively shown that low-level factors are necessary in brightness perception. This ambiguity represents a fundamental gap in the field.
The contribution of our experiments lies in resolving the ambiguity by using displays for which low-level and scene-level accounts yield different predictions. Furthermore, by allowing independent manipulation of the image cues relevant for low-level and high-level mechanisms, our displays provide a convenient tool for studying the trade-offs between low-level and high-level mechanisms.
It can be argued that the reason for the observed lack of high-level influences in experiments two and three is that the displays may not be readily interpretable in terms of scene-level factors such as illumination gradients or three-dimensional structure (in experiment 1, subjects did not report any difficulties in interpreting the gray regions as shadow or reflectance changes -a testimony to the compelling quality of Hering's illusion). To address this issue, we have created additional variants of the displays used in our experiments. These new versions are designed to permit an easy interpretation of the displays in terms of the scene's three-dimensional characteristics and illumination distributions. While our results demonstrate a role of low-level mechanisms in brightness perception, they do not imply that such mechanisms constitute a comprehensive account of all brightness phenomena.
Complementary to our demonstrations reported here are several ingenious displays which show that nonlocal scene configuration plays an important role in determining brightness or color percepts 7-11, 13, 14, 16, 21-24, 27, 28 . Our current efforts focus on understanding how the visual system arbitrates between the low and highlevel factors in order to arrive at a unified brightness percept. 
Experiment 2:
The display subtended 10 degrees of visual angle at a viewing distance of 60 cm. The enclosing rectangle had a linear luminance gradient going from black to white. The inner rectangle was initially set to the mean luminance of the outer rectangle. Subjects were allowed to change the gradient of the inner rectangle to render it perceptually homogeneous. The initial luminance of the probe squares was set to middle-gray. In the experiment designed to assess the effect of changes in the outer rectangle's gradient on the perceived brightness of the probes, the end points of the gradient were shifted through +/-7.5 Cd/m 2 .
Experiment 3:
The display had four equal-width regions -the two outer flanks of uniform luminance (set equidistant above and below middle gray) and the two inner flanks with small linear luminance ramps. The entire display subtended 15 degrees at 60 cm. The probes (1 deg. each) were placed in the center of the outer flanks and initially had luminance corresponding to middle gray. Subjects were asked to change the brightness of one of the probes to match the other one.
All experiments were performed in compliance with the guidelines set down by MIT's Committee on the Use of Humans as Experimental Subjects.
